Understanding the spatial distribution of functionalities on surfaces with atomic-scale resolution is very important for catalytic applications, yet very challenging for analytical inquiry. Recent advances in solid-state nuclear magnetic resonance (SSNMR), especially in dynamic nuclear polarization and fast magic-angle spinning, offer new tools for examining this longstanding problem. The aim of this Perspective is to showcase how these SSNMR methods can shed light on the uniformity of surface functionalities deployed on mesoporous silica-based catalysts using post-synthesis grafting and co-condensation methods. The results are discussed in the context of earlier landmark studies on the spatial distributions of surface species using probe molecules and reactions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2
Introduction
Supramolecular templating of mesoporous inorganics with structure-directing agents (SDAs) is considered to be one of the most impactful discoveries in materials synthesis in recent decades. 1 In particular, this general approach has enabled the synthesis of mesoporous silica materials featuring high surface areas, tunable mesopore sizes in the 2 -15 nm range, and ordered morphologies. [2] [3] [4] [5] [6] [7] [8] A variety of SDAs and syntheses have been exploited to achieve control over the physical properties of the mesoporous silicas; however, the resulting materials are rarely applied in the pure phase. Indeed, chemical tailoring of their surfaces is required for use in catalysis achieving control over their spatial arrangement. [28] [29] [30] [31] One of the key motivating factors that drove these efforts was to induce cooperativity in complex catalyst architectures. For example, MCM-41-type silica functionalized with both acidic (ureidopropyl) and basic ([2-(2-aminoethylamino)ethylamino]-propyl) groups, which are mutually incompatible in solution, showed higher catalytic performance in reactions involving carbonyl activation than the silicas monofunctionalized with the corresponding acidic or basic groups, and their physical mixtures. 32 Similarly, cooperative reactivity in the aldol condensation of 4-nitrobenzaldehyde and acetone has been achieved by immobilizing both acidic (2-(4-sulfonylphenl)ethyl) and basic (aminopropyl) groups on SBA-15 silica. 33 The cooperative catalysis is not limited to acid/base pairs; adding a second type of acidic group (mercaptopropyl) to 4-ethylbenzensulfonic acid on SBA-15-type silica accelerated the condensation reaction between acetone and phenol, and shifted the regioselectivity toward the formation of p,p'-bisphenol isomer over the o,p'-bisphenol isomer. 34 The introduction of secondary hydrophobic groups (phenyl or allyl) to SBA-15-based catalyst for esterification of fatty acids improved its performance by creating a hydrophobic environment that excluded the reaction byproduct (water) from the pores. 35 The observed reactivity enhancements showed a strong dependence on the incorporation method of those functionalities (post-synthesis grafting and co-condensation were used), implying the importance of their spatial arrangement. Similarly, a combination of co-condensation and grafting may allow for preferential functionalization of the exterior or interior surfaces of mesoporous silica nanoparticles, e.g., to achieve the so-called gatekeeping effect. 36 In the case of monofunctional materials, site isolation also can play an important role in catalysis; among the strategies proposed to control the spacing between functional groups are molecular patterning 37 and the use of solvents with different polarity. 38 Whereas the chemical identities and overall concentrations of organic functionalities can be assessed using a variety of analytical techniques, understanding their spatial distribution is very challenging. This derives from the fact that the studies on the uniformity of surface functionalization necessitate quantitative analysis of interactions between adjacent molecules such that, e.g., uniform and agglomerated organizations of molecules on monofunctionalized surface (see Figure 1a) can be explicitly differentiated. Similarly, the ability to discriminate between random, mixed-agglomerated and segregated distributions of species present in multifunctionalized mesoporous silicas ( Figure 1b ) is needed to guide the synthetic efforts and to foster new applications, e.g. in cooperative catalysis. The long-standing challenge of explaining the intermolecular order on surfaces of amorphous materials can now be faced using solid-state nuclear magnetic resonance (SSNMR). This is largely attributable to the emergence of dynamic nuclear polarization (DNP), 39 which directly addresses NMR's Achilles heel-its inherently low sensitivity. In short, DNP provides a boost to SSNMR response by exciting the highly polarizable unpaired electrons at their paramagnetic resonance frequency and transferring this polarization to 1 H and other nuclei. High-field DNP currently offers extraordinary savings of experimental time, of several orders of magnitude, which has revolutionized the studies of surfaces and interfaces. [40] [41] [42] [43] [44] In addition, the development of SSNMR probes capable magic angle spinning (MAS) at stunningly high rates of up to 120 kHz has afforded an improvement of resolution, and enabled exploitation of methods hitherto practiced exclusively in solution state NMR. [45] [46] As a result of these developments, conventional and DNP-enhanced SSNMR methods can now be used for determination of the three-dimensional (3D) positioning of reacting and nonreacting components of catalytic systems with atomic-scale precision.
Here, we set out to review the notable earlier studies of spatial distributions of surface species on silicas using probe molecules, reactions, optical spectroscopy, TEM microscopy, as well as EPR spectroscopy, and then describe the recent-and often surprising-results enabled by DNPenhanced and fast MAS-based SSNMR. Our goal is to highlight the exquisite analytical capabilities that these new SSNMR technologies can offer, while recognizing that the molecularlevel insights presented are specific to the systems and conditions chosen for these studies.
Earlier studies of spatial distributions
Early on, several strategies were proposed to discern the preferential functionalization patterns on silica, targeting primarily the uniformity and locations of organic groups. Most of the studies probed the accessibility and proximity of sites via reaction kinetics and adsorption of metal cations or used chemical modification of surfaces that could be subsequently detected or imaged by luminescence spectroscopies or electron paramagnetic resonance (EPR).
Reactions on surfaces. Lim and Stein monitored the kinetics of the bromination reaction in several MCM-41-type mesoporous hosts modified with vinyl groups via post-synthesis grafting and co-condensation using trichlorosilane and methoxy/ethoxysilane precursors, respectively. 25 They found the bromination of vinyl groups to be faster in the grafted samples, and concluded that most of the functionalities introduced via grafting were located on the external surfaces and near the pore entrances of MCM-41, whereas co-condensation led to a more uniform distribution of vinyl groups throughout the materials. This difference in distributions was also supported by XPS measurements, which took advantage of the escape depth of the electrons being limited to a few nm to emphasize the external regions of the mesoporous silica particles. According to the XPS data, the local concentration of bromine near the outer surface in the grafted samples was indeed slightly higher than indicated by the bulk chemical analysis. 25 Jones et al. introduced amine functionalities onto SBA-15-type mesoporous silica and studied their spatial distribution using reactivity studies 47 and pyrene fluorescence spectroscopy (vide infra). [48] [49] The amines were deployed using a protection/deprotection scheme to achieve molecular patterning (Figure 2 ), which creates spatial isolation by grafting amines that are protected with bulky benzyl or trityl groups and then removing these groups by hydrolysis. In their first study, 47 site isolation was probed by reacting surface amines with diacid (terephthaloyl) chloride to form amides. If the amine groups were closely located, both acid chlorides reacted to make two amide bonds. In contrast, for isolated amines, only one of the acid chlorides of the molecule could react.
The reactions with the nonpatterned surfaces resulted in a complete conversion to amide, whereas patterned surfaces yielded both acid and amide functionalities, suggesting that the amine groups were on average sufficiently isolated to prevent the reaction of the probe molecule with more than one ligand. Yoshitake et al. estimated the spacing between 3-bromopropyl groups grafted onto MCM-41, SBA-15, and fumed silicas by a substitution reaction using a series of diamine molecules with varying amine-amine spacings. 50 One and two bromines were released from isolated and closely spaced functionalities, respectively, by the substitution reaction. The distributions of pair spacings were then obtained using the carbon to nitrogen ratios from elemental analysis, yielding the shortest distances for MCM-41, followed by SBA-15 and fumed silica. These results did not match compare the distributions between MCM-41 samples functionalized with several types of amines using post-synthesis grafting and co-condensation schemes. 51 Based on the observed cation/amine ratios in both groups of samples, they came to the same general conclusion as Lim and Stein: 25 namely, that grafting may lead to concentration of organic moieties near the pore openings and on external surface. However, in the grafted samples, the effectiveness of adsorption varied strongly between Co 2+ and Fe 3+ , and between mono-, di-and tri-amino functionalities, suggesting that the observed results may be also attributable to different site accessibilities in grafted and cocondensed materials. Considering that the contribution of external surfaces to the entire surface area of mesoporous silica (typically ~10 %) and the high loading of organic groups in the aforementioned studies, their results imply that the organic functional groups introduced via postsynthesis grafting could be highly agglomerated.
Corriu et al. used complexation of Eu 3+ and ion-exchange with NaCl to study the distributions of organic groups on the surface of mono-and bi-functionalized SBA-15, prepared via cocondensation. [52] [53] A sample loaded with of 1.7 mmol/g of acetylacetonatopropyl groups exhibited quantitative uptake of Eu 3+ (Eu/acac = 0.5), suggesting that all functionalities participated in the complexation, i.e., remained in close spatial proximity. When the loading of functional groups was lowered to 1.16 mmol/g and 0.56 mmol/g, the Eu/acac ratio decreased to 0.034 and 0, respectively. This dramatic drop was interpreted as an indication of their regular distribution in the pore channels. A similar approach, utilizing the ion-exchange between NaCl and sulfonic acid groups, led to analogous conclusions about mercaptopropyl functionalities. Finally, the Eu 3+ uptake and the ion-exchange reaction with NaCl were used in tandem; the results suggested that the acetylacetonatopropyl and mercaptopropyl functionalities were uniformly distributed in bifunctional SBA-15 silica (see Figure 3 ). Zeta potential measurements. Rosenholm and Lindén specifically focused on the studies of 'accessible' amine functionalities in SBA-15-type silicas obtained by post-synthesis grafting and co-condensation, using zeta-potential measurements and the imine functionalization method. 23 They found that significant portions of amine functionalities introduced via co-condensation were hard to access or inaccessible, because those organic moieties were buried in the silica walls. This effect, referred to as 'sub-surface fossilization', [26] [27] could be lessened by using sequential addition of TEOS and an organoalkoxysilane precursor during the co-condensation process, instead of a premixed solution, thereby improving the pore structure, site accessibility, and thermal stability. 54 Accordingly, higher accessibility to the organic groups does not necessarily imply that the functionalities were deployed at the external surface of mesoporous silica.
Optical spectroscopy studies. The amine functionalities introduced into SBA-15 silica by Jones et al., using the abovementioned molecular patterning technique, were also studied with fluorescence spectroscopy. [48] [49] To this end, the samples were loaded with pyrene molecules, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 which can emit the fluorescence characteristic of monomers or excimers formed via - stacking, and thus could provide a semi-quantitative estimate of the fraction of amine pairs that were separated by a distance of 1 nm or less. [55] [56] The fluorescence method suggested that the steric effect of the bulky protecting group (trityl moiety) reduced clustering of the organoalkoxysilane precursor in solution before grafting and constrained the local amine-amine distance on the surface, thereby creating more isolated amine sites.
Using a related strategy, Ogawa et al. studied MCM-41 silica grafted with sulfonated phenethyl groups by measuring the luminescence of surface-adsorbed [Ru(bpy) 3 ] 2+ complexes. 57 The wavelength and intensity of the luminescence indicated the decrease of the average distance between the adjacent [Ru(bpy) 3 ] 2+ cations at higher loading levels of organic functionalities.
Similarly, Asefa et al. studied the degree of isolation of amine groups grafted onto MCM-41-type silica by the colorimetric method, which uses the UV-vis spectra of Cu 2+ complexes to identify different distributions of amines. 38 They found that site isolation strongly depended on the solvent's polarity; samples prepared in a non-polar solvent, such as toluene, had more closely spaced amine groups than those synthesized in a polar solvent, e.g., methanol. Later studies by Gartmann and Brühwiler et al. used confocal laser scanning microscopy (CLSM) to image the distributions of organic functionalities grafted onto porous silica host materials after coupling with appropriate fluorescent labels. [58] [59] They showed that the loading and distribution of functional groups depended on their size and the pore diameter, as well as solvent polarity. In small-pore materials, selective grafting of the external surface could be achieved using a large orgnanoalkoxysilane precursor, such as 3-aminopropyltris(methoxyethoxyethoxy)silane (APTMEES), and a non-polar solvent (see Figure 4 , left). They also demonstrated that SDAs did not effectively prevent the penetration and deposition of small organoalkoxysilane precursors 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 inside the pores, which was corroborated by later studies. [60] [61] [62] [63] Other effects that may affect loading include site blocking, e.g., by the methoxy groups such as (-O-) 3 Si-OCH 3 resulting from the reaction between methanol and surface hydroxyls. [63] [64] Most likely, the decrease of surface hydroxyls contributes, at least partly, to the lower loading and the better isolation of amine groups grafted in methanol than in toluene. 38, 62 The CLSM imaging also demonstrated that trace amounts of water in the organic solvents used during grafting can lead to clustering of organosilanes and nonuniform distribution of functional groups on surfaces (Figure 4, right) . [59] [60] Figure. 
Energy-filtered (EF)TEM observation. Basset et al. introduced organometallic complexes
W(CtBu)(CH 2 tBu) 3 and W(Me) 5 into mesoporous materials such as SBA-15 and MCM-41, and studied their locations by observing Si and W using the EFTEM. 65 The elemental mapping showed patterns of alternating Si-rich and W-rich domains, which indicated that the organometallic tungsten complexes are located inside the channels of the mesoporous silica materials. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 EPR spectroscopy. Recently, Copéret et al. used EPR spectroscopy of TEMPO radicals to compare the degree of isolation between azidopropyl-functionalized SBA-15 prepared via cocondensation and post-synthesis grafting methods, taking advantage of the EPR line width being strongly dependent on the internuclear distance between the two radicals. 66 The co-condensed sample showed a line width of 15 G, suggesting a narrow distribution of inter-radical distances.
At the same loading of TEMPO of 0.14 mmol/g (although the loading of organic functionalities differed between the two samples), the spectrum of the grafted sample (27 G wide) could only be modeled assuming a broader distribution of inter-radical distances, including patches of aggregated radical species.
Solid-state NMR spectroscopy
Although the studies described above provided important insights into site isolation on silica surfaces, they mostly relied on installation of customized 'probes' that could report on the presence of agglomerated species. Such interventions can be synthetically challenging and the resulting spatial resolution is limited by the size of the guest molecules and the complexes formed.
Additionally, in samples prepared via co-condensation, these approaches may easily overlook hard-to-access or inaccessible sites. In the following, we first briefly review the merits and drawbacks of traditional two-dimensional (2D) SSNMR correlation methods in the general context of surface science and catalysis. We then explicate how the homonuclear correlation spectroscopy utilizing DNP and/or fast MAS is uniquely suited for the atomic-scale studies of spatial distributions and demonstrate the results of first such studies.
2D correlations by conventional SSNMR. For several decades, SSNMR spectroscopy has been used to characterize the surfaces of mesoporous silica materials, as documented in a number of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reviews. [67] [68] [69] [70] [71] [72] [73] Most researchers used high-resolution spectra of 1 H, 29 Si and 13 C to provide information about the structures of anchored species [74] [75] and the degree of organic functionalization, 22 as well as the conformation and dynamics of functional groups. [76] [77] [78] The more recent of these studies used increasingly advanced methodology, including 2D correlation methods; however, despite the progress made, conventional SSNMR could not detect the elusive intermolecular contacts between functional groups. Firstly, with all spins of interest being located at or near the surface, these methods lacked the sensitivity achievable in bulk solids. Since the spatial distribution of functionalities could only be revealed via interactions between different species, therein lay additional challenges: (1) the only relevant spin-spin interactions, the throughspace dipole-dipole couplings, have an inverse cubed dependence on internuclear distance, which strongly favors shorter-range intramolecular spin pairs over those separated by 0.5-1 nm; (2) the applicable nuclei with considerable ranges of chemical shifts, such as 13 C and 29 Si, have very low natural abundance (1.1% and 4.7%, respectively) and small gyromagnetic ratio (); and (3) the most sensitive spins, 1 H, yield broad SSNMR spectra due to strong 1 H-1 H dipolar interactions and a small range of chemical shifts.
The merits and drawbacks of various 2D approaches to detecting internuclear correlation spectra are summarized in Table 1 . Due to the excellent receptivity and the ubiquity of 1 H nuclei, 1 H-1 H double-quantum/single-quantum MAS correlation experiments (referred to herein as DQ/SQ) 79 have been commonly used to gain structural insights into a wide range of materials including heterogeneous catalysts, self-assembled supramolecules, and inorganic-organic hybrid materials. 80 Some of these studies were able to identify intermolecular proximities, allowing e.g., new insights into hydrogen bonding and - interactions. [81] [82] However, the competency of 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dipolar broadening, as well as multi-spin effects, such as dipolar truncation 83 and relay transfers of DQ coherences. [84] [85] Heteronuclear correlation (HETCOR) 1 H-X spectroscopy can partly alleviate the abovementioned shortcomings of 1 H-1 H correlation experiments, by taking advantage of the wider chemical shift range of the X nuclei, typically 13 C or 15 N. However, the enhanced resolution comes at the expense of reduced sensitivity. Even when using the so-called indirectly (or 1 H-) detected HETCOR schemes, [86] [87] the low efficiency of long-range polarization transfers and the dipolar truncation effects strongly favor short-range intramolecular 1 H-X correlations.
These features are further amplified in the homonuclear X-X (here 29 Si- 29 Si and 13 C-13 C) experiments, which can offer the highest resolution but are prohibitively insensitive under natural abundance. Isotopic enrichment, on the other hand, is often synthetically challenging, always expensive and can result in other unwanted effects, such as dipolar truncation. 29 Si and other nuclei. [43] [44] [88] [89] [90] The 3D structures of surface-bound catalytic complexes and reacting molecules can now be discerned with atomic-scale precision using a combination of DNPenhanced 2D correlation spectra and distance measurements. Examples of such applications include studies of metal-surface interactions in Ru-NHC metathesis catalysts immobilized on silica, 91 a silica-bound organometallic Pt-complex, 92 as well as organoiridium complexes on SBA-15-type silicas 93 and sulfated zirconia. 94 Importantly, the signal enhancements offered by DNP enabled the measurement of homonuclear correlation spectra between unreceptive nuclides within a practical experimental time under natural abundance. First notable examples include the acquisition of DQ/SQ (POST-C7) and through-bond (INADEQUATE) 13 C-13 C spectra of glucose and sulfathiazole by Rossini et al., 95 DQ/SQ (POST-C7) 13 C-13 C spectra of cellulose by Takahashi et al., 96 as well as DQ/SQ and through-bond (again, using POST-C7 and INADEQUATE, respectively) 29 Si- 29 Si spectra of silica functionalized with polyethylsiloxane by Lee et al. 97 Fast MAS, on the other hand, has currently reached frequencies of 100+ kHz and can provide enhanced resolution in all experiments affected by the 1 H-1 H dipolar interactions, especially 1 H-1 H homonuclear correlation NMR. [45] [46] 98 Utilizing these technologies, it now became possible to obtain unambiguous signatures of Figure 5 ). The experiment could be arranged such that the correlations were dominated by pairs of nearest 29 Si neighbors, i.e. by nuclei bridged via oxygen at a distance of ~3 Å, whereas the efficiency of DQ excitation for adjacent 'non-bridged' sites (spaced by ~5 Å) declined by almost one order of magnitude. The spectra were acquired by using the so-called indirect approach, whereby DNP is used to hyperpolarize protons, whose magnetization is subsequently transferred to 29 Si nuclei via 1 H 29 Si cross-polarization. With the DNP enhancement factor  on/off , defined as the ratio of signal intensities per scan obtained with the microwave irradiation on and off, ranging between ~45 and ~80, each of the spectra in Figure 2 would require several years of acquisition time using conventional SSNMR. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 being more dominant in the grafted samples than in the co-condensed samples. On the other hand, we observed that T-Q and T-T correlations were consistently stronger in the co-condensed samples than in the grafted samples with similar loadings of ~2 mmol/g, regardless of whether the surfactant in the latter was removed by acid extraction or by calcination; compare, for example, C-PR-ex and C-MP-ex with ex-G-PR and ex-G-MP in Figure 5 (the sample notations and descriptions are given in the figure caption). In particular, only C-PR-ex and C-MP-ex samples showed the T-T correlation signals. All these results unambiguously demonstrated that the propyl and mercaptopropyl functional groups deployed by post-synthesis grafting were better dispersed, whereas co-condensation resulted in some clustering (self-condensation) of the silane species, which appeared to be partly embedded in the silica walls. Lastly, DNP SSNMR also revealed, perhaps counterintuitively at first glance, that the highest loading by grafting was achieved when the organoalkoxysilane precursor was introduced with the surfactant occupying the pores. 63 We will rationalize these findings in the "Mechanistic insights" section below.
DNP-enhanced 13 C-13 C SQ/SQ NMR. The 29 Si- 29 Si DQ/SQ spectra can serve as excellent reporters on the spatial proximity between carbon-bound Si sites; however, they cannot be reliably used to describe the distributions of groups on multifunctionalized mesoporous silicas (Figure 1b) . This is because differences in the chemical shifts between the corresponding T sites, typically on the order of few ppm, 22 are smaller than the 29 Si line broadening resulting from structural disorder (~10 ppm). To study bifunctional surfaces, we implemented a DNP-based 13 C-13 C homonuclear single-quantum/single-quantum (SQ/SQ) correlation experiment, which takes advantage of the wider chemical shift range of 13 C nuclei. 99 Specifically, we used the CHHC technique, 101-103 which relies on 1 H-1 H spin diffusion to mediate the propagation of 13 C magnetization between different groups, and enabled, for the first time, long-range correlation spectroscopy on the surface at natural 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 isotopic abundance. Note that the probability of finding an interacting pair of 13 C spins under natural abundance is less than 1/8000, which for conventional SSNMR makes this experiment unrealistic for the bulk materials, let alone surfaces. Figure 6a shows a 2D 13 C-13 C correlation spectrum of a mesoporous silica sample functionalized with phenyl (Ph) and mercaptopropyl (MP) groups by a co-condensation method with a sequential addition protocol. 99 The diagonal cross peaks are most likely due to intramolecular interactions between directly bound carbons. Remarkably, however, the DNP- Figure 6b ). 100 The spectra showed unambiguously that the AP moieties were mostly agglomerated.
Even in a sample with the very low loading of 0.14 mmol/g, corresponding to an average AP-AP distance of ~3 nm on a uniformly decorated surface, most molecules were clustered with intermolecular distances of less than 0.5 nm. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Mechanistic insights
The 2D SSNMR correlation spectra can provide valuable insights into the mechanisms of surface chemistry, which complement well those obtained by other characterization techniques.
Here, we briefly summarize our findings related to supramolecular pore templating and grafting, with the caveat that these conclusions may not be universal. Indeed, there is a large body of evidence that functionalization is influenced by the size and reactivity of grafted precursors, their concentration, diffusivity, OH concentration, steric factors, acidity, the polarity and dielectric constants of solvents used for grafting, and numerous other factors. 10, 22, 38, 47, [104] [105] In our grafting process, 63 the reaction between the surface hydroxyls and the organoalkoxysilane precursors proceeded through replacement of the alkoxy group with the hydroxyl oxygen, accompanied by release of the corresponding alcohol, e.g. RSi(OMe) 3 + 3SiOH  RSiOSi + 3MeOH. Since the self-condensation of organoalkoxysilanes is unfavorable under the anhydrous condition, the grafted molecules have to seek out the surface hydroxyl groups, thereby becoming dispersed throughout the silica surface. However, the population of surface hydroxyls in mesoporous silicas is reduced regardless of the method of SDA removal; indeed, calcination results in partial dehydroxylation, 106 whereas acid extraction turns a portion of surface hydroxyls into alkoxy groups, e.g., SiOH + MeOH  SiOMe + H 2 O. 64 Thus, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the probability of finding SiOH groups suitably located to immobilize a single organoalkoxysilane molecule in a tripodal coordination is very low, a situation that favors the formation of dispersed T sites tethered via substitution of one or two methoxy groups (Figure 7a ). 27 Indeed, our SSNMR study showed that the grafted samples had much higher concentrations of T 1 and T 2 sites than the corresponding co-condensed samples, 63 as also observed earlier by Lelli et al. 107 The 29 Si-29 Si spectra also suggested that the same grafting mechanisms were operable in the surfactant-filled pores. Evidently, small molecules such as trimethoxypropylsilane or (3-mercapropropyl)trimethoxysilane, when used as precursors, can diffuse into the pores through the remaining void space, which we earlier estimated at more than 10 %, 63 and attach to the inner surface. 58 With the hydroxyls being unscathed by calcination or acid extraction and high CTAB mobility inside the pores, this strategy led to 50% higher coverage than could be obtained by the established grafting recipes. A similar result had been earlier reported by Gartmann and Brühwiler based on CLSM imaging. 58 Undoubtedly, however, the outcome of such efforts depends on the interplay between diffusion and reactivity and other synthetic conditions, which can be used, e.g., for targeted functionalization of external or internal surfaces. 30, 50, 58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 correlation study thus showed that the self-condensation of aminopropyl groups led to molecular agglomeration even at very low loadings. 100
Summary and outlook
Applications of organically functionalized mesoporous silica materials in catalysis and other areas are highly dependent on the control of the spatial distribution of functionalities. This
Perspective describes the opportunities offered by the recent developments in SSNMR spectroscopy in studies of organically functionalized surfaces. Our concluding remarks are as follows:
1. The unprecedented sensitivity offered by DNP allows for the spatial distribution of organic moieties on surfaces to be directly probed with atomic-scale resolution through the acquisition of 2D 29 Si-29 Si and 13 C-13 C correlation spectra, without the use of isotope enrichment or chemical modifications of the sample. In some cases, the use of fast MAS and multiple-quantum 1 H-1 H correlations can extend these studies to very low surface coverages.
2. These new analytical capabilities complement the results obtained previously by other techniques. However, they also provide additional mechanistic understanding of the relationships between the complex experimental factors that regulate the spatial distribution of functionalities during grafting and co-condensation. Similar spectroscopic tools can be used to interpret the structure of aluminas, aluminosilicates and other materials in which controlled patterning of surface functionalities is required to achieve the desired catalytic performance.
Future challenges include (i) developing spectroscopic tools to determine the global distribution of surface moieties by distinguishing signatures of nuclei located at the outer and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 in-pore surfaces, and (ii) further improving the sensitivity of SSNMR to involve unreceptive nuclei and materials with extremely low coverages, which are presently inaccessible even under DNP. 129 Xe, whose magnetic shielding tensor is extremely sensitive to the density of Xe atoms, may be a suitable probe to interrogate the global distribution of functionalities. 108 The development of ultra-low-temperature DNP, [109] [110] [111] in which nitrogen gas (used at ~100 K) is replaced by cold helium (at < 30 K), may provide the transformational leap in sensitivity needed to meet these challenges.
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